Parameterization of reaction rates for thermal desorption are often analyzed using the Arrhenius equation. Data analysis procedures typically impose the empirical constraint of compensation, such that the different parameters in the equation balance each other out thereby leading to an implicitly assumed constant reaction rate for a wide range of thermally activated processes. However, the compensation effect has not been generally demonstrated and its origins are not completely understood. Using kinetic Monte Carlo simulations on a model interface, we explore how site and adsorbate interactions influence surface coverage during a typical desorption process. We find that the traditional criterion for the existence of a compensation effect for interacting species breaks down and the time characterizing desorption increases with increasing interaction strength due to an increase in the effective activation energy. At the molecular-site level these changes are the result of enhanced site correlations with increasing adsorbate interaction strength suppressing the onset of desorption. Our results show that the parameters vary as a result of interactions, however they do not offset or compensate each other completely as predicted with traditional methods of analysis.
Many physical, biological, and chemical processes exhibit a strong temperature dependence, in the sense that they rely on thermally activated mechanisms to overcome energy barriers in order for the process to proceed [1] ; the rate, k, at which they occur follows an Arrhenius type behavior:
where E a is the activation energy, k B is Boltzmann's constant, T temperature, and ν the preexponential factor. A characteristic feature in a series of closely related such processes is a systematic change in the magnitudes of E a and ν [1, 2] as a response to perturbations, known as the kinetic compensation effect (KCE). The main idea behind the concept of "compensation" is that a change in the magnitude of E a is compensated or offset by the preexponential factor ν, thus the variation in the rate k is not as pronounced as expected [2, 3] , such that they satisfy
at a constant "compensation" temperature, T i , where the Arrhenius plots cross and the rates, k i , are the same, independently of external parameters [1, 4] , i.e. the point of "isokinetic equilibrium". The occurrence of both the kinetic compensation effect and isokinetic equilibrium have not been inconclusively demonstrated. It is a rare occurrence to observe a point of isokinetic equilibrium experimentally [5] , and because Eq. 2 is obtained from Eq. 1, the KCE has been attributed to a mathematical consequence of the exponential rate [6] , and also to experimental [7] and/or mathematical [8] errors, therefore continues to be questioned as an actual physical phenomenon [1, 2, 5, [7] [8] [9] . Nevertheless the KCE continues to be reported in many different areas of science, such as temperature programmed desorption [10] , fouling [9] , grain boundary migration [11] , heterogeneous catalysis [2] , and crystallization of amorphous solids [12] ; along with the closely related Entropy-Enthalpy compensation in adsorption [4, 13, 14] , chemical reactions [4] crowding induced self-assembly [15, 16] and melting of a solid [17] among others. Here, we use computer simulations to explore the very notion of the KCE in the context of physical desorption. Our results show that in fact, even though the parameters exhibit variations in the presence of species interactions, there is a lack of compensation in the parameters ν and E a , which do not vary in an exact manner to offset one another. Specifically, we perform kinetic Monte Carlo [18] shown in Fig. 1 . We span a range of adsorbate-adsorbate interaction strengths, while keeping the surface binding energy and substrate structure fixed. From the resulting desorption curves, we obtain the rates of desorption. This allows us to extract the preexponential factor and calculate Arrhenius plots. We determine the contributions of each parameter to the overall desorption rate, and show that the activation energy exhibits significant variations during the TPD process as a function of the coverage, while the preexponential factor exhibits smaller changes that do not compensate for the changes in E a . Through our study of the kinetics at the 'molecular' level we are therefore able to explicitly quantify the level of compensation as an actual physical phenomenon that has not been successfully achieved to date using more traditional methods. Furthermore, TPD also serves as a model system to help better understand compensation effects in other fields of science.
TPD is an experimental technique used in surface science to extract surface parameters, such as binding energies, sample porosity [19] and sorption capacity; it has applications in chemical speciation [20] and contaminant removal [21] . In a typical experiment a surface in an evacuated chamber is exposed to a gas until the desired uptake is achieved, then the sample is heated with a linear temperature ramp of the form:
where ∆T is the temperature step and t is time. The results are in the form of the rate of desorption k, as a function of the increasing temperature T [22] . The standard method of analysis starts with the Polanyi-Wigner equation of desorption:
where θ is the fractional coverage,θ is the rate at which the coverage is decreasing and n the order of the process. Physical desorption from a uniform planar surface corresponds to order 1, thus we will assume n = 1 for the remainder of the present work. The parameters of interest, the activation energy and preexponential factor, are extracted from the slope and y−intercept, respectively, of the Arrhenius plot (ln k vs. 1 /T ). Such a parameterization has proven useful in the empirical determination of rates [9] , however the numerical values of E a and ν are only accurate if the parameters themselves are constant throughout the process. This need not be the case for most realistic situations, such as the presence of molecular interactions [10, 23] , changes in the solvent of a reaction [1] , increase of the concentration of an inert additive [4, 15, 16] , and changes in surface configuration [24] , among others. In TPD one cause for kinetic compensation has been attributed to the coverage dependence of the parameters in the presence of weak molecular interactions [10] . Under this condition the slope of the Arrhenius plot is no longer constant [10, 23] :
A strong linear correlation between data points from an experiment has been considered the standard criterion for the occurrence of compensation [1] , thence coverage dependent terms contained within the parentheses in Eq. 4 are assumed to sum to zero, and the solution to the differential equation reduces to Eq. 2. To determine whether this assumption is correct or not it is necessary to observe the behavior of the parameters E a and ν, without making unfounded assumptions aimed at fitting Eq. 3. We do this by performing computer simulations of a TPD process from a quasi-two dimensional, square lattice with N = 1600 sites. We use a homogeneous lattice so that each site j, has an associated binding energy, E jb = E b = 100, in units where k B = 1. We explore interaction strengths , that lie in the range, 0 − 100% of E b . To track the desorption process, the kinetic Monte Carlo scheme follows a series of steps: we first specify the initial conditions, including the binding and interaction energies, initial temperature (which we alter depending on ), step size, and initial coverage (which is set to 100% in all cases). The second step is to calculate the number of occupied neighbors per site, the site energies, and the probabilities associated with the allowed transitions. The energy per site E j , is given by
where each site picks up an energy contribution from n occupied nearest neighbor sites m. Next, an allowable transition -desorption or diffusion to a neighboring site -is selected and the state of the system changes accordingly, then the time counter is increased as prescribed by the kinetic Monte Carlo algorithm [18] . The temperature ramp is controlled by increasing T after so many timesteps δt, which is here set to unity. Finally, we calculate the coverage and activation energy. The process is repeated until the lattice is completely empty. Our results are obtained as an (ensemble) average over 100, independent runs; see Fig. 1 for representative simulation images. We first illustrate the Arrhenius plot fitting procedure in Fig. 2 for the non-interacting regime. Eq. 3 fits the desorption spectrum of Fig. 2 (left panel) . For this particular case, with E b = 100 and = 0, we find E a = 100 ± 2 from the slope of the Arrhenius plot (right panel), which is, as expected, the same as E b within error. The preexponential factor also follows from the intercept, which we find as ν = 1 ± 0.01. Therefore, for the non-interacting case the Polanyi-Wigner equation and Arrhenius plot provide a very accurate estimation of the parameters.
Our first finding is that the Arrhenius plots for interacting adsorbates, shown in Fig. 3 , exhibit curvature that increases as the magnitude of the interaction strength increases. This increasing curvature is a crucial feature to demonstrate that the second order terms in Eq. 4 do not add to zero, if they did the Arrhenius plots in the correct order would always yield straight lines. In the context of isokinetic equilibrium the plots indicate a tendency to converge towards the region of high temperature and low coverage (although it is not clear that they will cross at a common temperature), where the rates are governed only by the parameters of the surface, thus are the same and are independent of external perturbations, but this is because the contributions of nearest neighbors to the activation energy no longer have an effect in that regime.
Our numerical results for E a , using Eq. 5 as 1 N N j E j , are plotted as a function of coverage on the left panel of Fig. 4 . In the non-interacting regime, the activation energy remains constant and matches the binding energy itself, which is consistent with the fact that it represents the only energy barrier to desorption. In the case of interacting species, on the other hand, the added contributions coming from site-occupied nearest neighbors results in a stronger binding of the adsorbates to the surface, thus leading to an enhanced activation energy that deviates from the non-interacting case. Our numerical results for E a also allow us to quantify its contribution to the curvature of the Arrhenius plot, on the right panel of Fig. 4 (solid lines) , and compare it to the Arrhenius plots obtained from our desorption data (symbols). The curvature is almost unchanged, suggesting that the contribution from ν is small. The prefactor ν is extracted by comparing desorption rates computed in two ways, as shown in Fig. 5 . First, we perform the standard calculation by taking the numerical time derivative of the desorption data, shown as symbols in Fig. 5 . Then, using the values of E a we obtain from the simulations, we overlay Eq. 3 but keeping ν = 1 fixed. From the resulting curves for the rates, we extract ν, plotted in Fig. 6 , where it can be seen than not only does the activation energy itself change in the presence of interactions, but ν exhibits variations with changing coverage. In the non-interacting regime, Fig. 6 displays how ν remains constant at unity (the observed fluctuations are due to the numerical derivative used to obtain the data). For > 0, ν exhibits a systematic deviation from the non-interacting value as the strength of the interaction increases. In this context, we interpret ν as a bare desorption rate that becomes renormalized in the presence of interactions. Fig. 7 shows the plots of the derivatives of E a and ν with respect to coverage, our results show that they do not add to zero throughout the process, not even for weak interactions (10%); and also, the variations in ν are very small in comparison with the changes in E a , thus does not contribute significantly to compensate for variations in the energy of activation. False compensation effects have been previously attributed to analyzing the data using the approach where the coverage dependent terms in Eq. 4 yield Eq. 2 [10, 23] . An additional source of errors mentioned in [5] is ignoring the non-linearity of Arrhenius plots, and our results show that the Arrhenius plots for interacting species are not linear. A thermodynamic point of view posits that the changes in ν can be attributed to changes in the entropy [25] . This view is somewhat contained within the Erying-Polanyi equation [26, 27] as developed to explain the significance of the parameters E a and ν, E a is associated with the enthalpy of activation ∆H, and ν has a frequency component, κ, a temperature dependence, and an entropy component ∆S [11] ,
where, h is Planck's constant. It follows that for the noninteracting case, = 0, the changes in ∆S are cancelled by the increasing temperature resulting in a constant ν.
In Fig. 6 we observed that ν always starts at some value close to 1 for all regimes, at the beginning and the end of the desorption process, the entropy is zero. In the middle the entropy increases due to the number of microstates available. In all cases, ≥ 0, the initial phase of desorption occurs through eating away of the large, percolating, connected cluster of occupied sites. Yet, in the non-interacting case, there is a lack of correlation as to which sites are removed, while for increasing , site occupation is correlated over longer timescales as desorption progresses. These enhanced correlations can be quantified through the time autocorrelation function for site occupation: C j =< σ j (t + τ )σ j (t) >, where σ is the site occupation number, which takes on the values 0 or 1, and τ is the time lag over which correlations are measured. The results of Fig. 8 (left) demonstrate that correlations in site occupation become greatly enhanced as increases. Thus, although the size of the largest cluster is insensitive to interaction strength above the square lattice, percolation threshold, once the coverage drops below this, the size of the largest connected cluster starts to show a dependence on . Fig. 8(right) shows that for increasing it becomes energetically favorable for the coverage to consist of a large, connected cluster that persists to higher temperatures with increasing . This microscopic feature not only slows down the frequency of events, κ but also leads to a decrease in the entropy of the system.
In conclusion our work shows that the parameters E a and ν effectively exhibit variations in the presence of interactions due to coverage dependence, however the changes in the prefactor ν are not large enough to compensate for the variations in the activation energy E a as suggested by the original definition of the KCE. The large variations on E a cause the Arrhenius plots to deviate from linearity, a feature that is often ignored in the analysis of experimental data from thermally activated processes which yields errors and possibly false compensation effects [5] . We expect our results to provide a better view on the effects of perturbations on the physical parameters such as E a and ν and perhaps help better understand kinetic compensation effects observed in other areas of science.
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